1. Introduction {#sec1}
===============

The epidermal growth factor receptor (EGFR) kinase is a kind of cell surface protein receptor that mediates multiple upstream signal transduction pathways, thus regulating the process of cell growth and differentiation.^[@ref1]^ Its prevalent activating mutations such as L858R and an exon 19 deletion are closely involved with the occurrence and development of non-small cell lung cancer (NSCLC).^[@ref2]^ In the past 20 years, the EGFR has been validated as a highly effective protein target for the treatment of various types of cancers.

The employment of EGFR tyrosine kinase inhibitors (TKIs) as molecule-targeted drugs leads to statistical improvement in progression-free survival (PFS) *via* a large number of clinical trials, especially for NSCLC. At present, a total of three generations of EGFR inhibitors have been approved to apply in clinical trials by the Food and Drug Administration (FDA). Gefitinib and erlotinib, two representatives of first-generation inhibitors, can produce dramatic clinical responses in some advanced NSCLCs, but the treated patients would unavoidably generate acquired resistance to these drugs after a 1 year treatment,^[@ref3]^ which is mainly due to the secondary mutation (T790M) at the binding pocket. The first approved irreversible kinase inhibitor afatinib, as the second-generation EGFR TKI, still fails to deal with the T790M mutation of exon 20 of the EGFR.^[@ref4]^ Subsequently, the third-generation EGFR TKI osimertinib (AZD9291) is a unique FDA-approved drug for the treatment of advanced NSCLC with positive T790M mutation.^[@ref5]^ However, a new drug-resistant problem would emerge rapidly, generally after a period of 9--13 months. Correspondingly, C797S mutation located within the EGFR kinase domain had been identified to be a primary mechanism of resistance to the third-generation EGFR TKIs, involving the failure of covalent bond formation at the 797 position.^[@ref6]^ In aiming to overcome EGFR (T790M/C797S) resistance, an EGFR allosteric inhibitor EAI045 has been rationally discovered as the fourth-generation EGFR TKI in the last 2 years.^[@ref7]^ Therefore, the development of novel EGFR kinase inhibitors will be an ongoing and direct challenge if a newly acquired resistance to the old EGFR TKIs was revealed.

To aid in the development of new EGFR TKIs, several groups have investigated EGFR drug resistance mechanisms between activating mutations and inhibitors at the atomic level by molecular dynamics (MD) simulation^[@ref8]−[@ref10]^ and developed an *in silico* prediction model for individualized administration over NSCLC patients harboring rare EGFR mutations.^[@ref11]^ Despite the fact that a large number of MD studies about wild/mutant EGFR kinase domains or EGFR TKIs were reported in recent years, the dynamic movement of EGFR kinase binding sites involving key residues have not yet been discussed. To date, there are more than 100 EGFR protein crystal complexes deposited in the Protein Data Bank (PDB),^[@ref12]^ almost including all the four generation inhibitors with varied scaffolds, which can be a kind of good resource for the dynamic study of the EGFR binding site. Accordingly, as shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, 33 EGFR complex structures were selected rationally based on analysis of several aspects, including X-ray resolution, protein conformation, activity, scaffold, and reversibility of kinase inhibitors. Each protein complex was performed by molecular dynamics simulation step by step, and then, root mean square deviation (RMSD), root mean square fluctuation (RMSF), radius of gyration (*R*~g~) of its binding site, and relative MM-GBSA calculation were studied in succession. Finally, the analysis derived from these obtained results would provide meaningful information used for (i) how the key residues at the binding site of the EGFR respond to the inhibitor effectively; (ii) what the correlation is between dynamic movements of binding sites and the inhibitory activities of TKIs. Hence, this study would give rise to new insight into the development of novel EGFR kinase inhibitors.

![(A) Flowchart of the molecular dynamics (MD) study for the EGFR protein kinase. (B) DFG-in and DFG-out conformation of the EGFR kinase domain. DFG refers to a conserved Asp-Phe-Gly motif of the EGFR sequence. (B1) The DFG-in motif makes the EGFR protein adopt an active state conformation (PDB ID: 1 M17 bound to erlotinib) where only the side chain of the Asp can extend to the inhibitor binding site. (B2) The DFG-out motif makes the EGFR protein adopt an inactive state conformation (PDB ID: 1XKK bound to lapatinib) where the side chains of the two residues (Asp and Phe) can extend to the inhibitor binding site.](ao0c02183_0001){#fig1}

2. Results and Discussion {#sec2}
=========================

2.1. Preparation of EGFR Protein--Ligand Complexes and Molecular Dynamics {#sec2.1}
-------------------------------------------------------------------------

As a result of the EGFR being an exceedingly successful drug target, there are over 200 human EGFR protein crystals deposited in the Protein Data Bank.^[@ref12]^ According to [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A, 100 and 28 EGFR X-ray structures with a resolution of less than 3 Å were selected and downloaded from the PDB database. Subsequently, 60 kinds of EGFR reversible inhibitor complexes ([Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02183/suppl_file/ao0c02183_si_001.pdf)) were screened by removing dozens of EGFR proteins with no inhibitors. Due to many duplicates of EGFR inhibitors among 60 protein complexes, it was very essential to perform cluster analysis for these 60 inhibitors under the condition of considering the range of inhibitory activity ([Table S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02183/suppl_file/ao0c02183_si_001.pdf)) as well as EGFR conformation types. Two common kinds of cluster methods (hierarchical and k-means) based on the MACCS fingerprints of inhibitors were used for the further selection of EGFR complexes. The detailed results are displayed in [Table S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02183/suppl_file/ao0c02183_si_001.pdf). Accordingly, 33 EGFR protein complexes were collected and prepared for the molecular dynamics (MD) study in succession. Moreover, [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02183/suppl_file/ao0c02183_si_001.pdf) shows that EGFR protein complexes can reach equilibrium within the 1 ns simulation time, taking the 12 ns MD study of 1 M17 for example, whereas for the result above, the simulation time of molecular dynamics that was set to 2.4 ns ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A) could be acceptable.

Two common conformations of protein tyrosine kinase (DFG-in and DFG-out; [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B) are frequently discussed.^[@ref19]^ In this respect, 33 EGFR complexes can be classified into two groups. As shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A and [Table S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02183/suppl_file/ao0c02183_si_001.pdf), there are 22 items adopting active conformation, and the other 11 items are adopting inactive conformation. According to residue mutation of the binding site, each group would be further divided into two categories: wild type and mutant EGFR. Correspondingly, subsequent analysis of RMSD, *R*~g~, and RMSF of the binding site would be discussed separately in accordance with these four groups.

![(A) Classification of the EGFR kinase domain according to the residue mutation and conformation form. (B) Root mean square deviation (RMSD) of the binding site composed of several residues from the EGFR active pocket: (B1--B4) from the EGFR kinase domain in an active conformation (DFG-in motif) and (B5, B6) from the EGFR kinase domain in an inactive conformation (DFG-out motif). In addition, 5 wild type (WT) crystal complexes of EGFR kinase domains in panel (B1), 4 non-T790M mutants in panel (B2), 3 T790M mutants in panel (B3), 10 T790M/L858R mutants in panel (B4), 7 WT EGFR kinase domains in panel (B5), and 4 mutants in panel (B6). (C) Correlation between RMSD values: (C1) RMSD of the binding site backbone and that of inhibitors; (C2) RMSD of the binding site backbone and that of the side chain; *R*~p~, Pearson coefficient; *R*~s~, Spearman coefficient.](ao0c02183_0002){#fig2}

2.2. RMSD and *R*~g~ Analysis Based on the Molecular Dynamics Trajectory {#sec2.2}
------------------------------------------------------------------------

All the residues of binding sites of the EGFR complexes are obtained from the 2D graph embedded in [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02183/suppl_file/ao0c02183_si_001.pdf). After the MD experiment, RMSD curves of all the binding sites had been collected on the basis of the MD trajectory. As shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B, most of the RMSD curves should be less than 1 Å during the 2.4 ns simulation time, even if the largest one cannot touch to 2 Å. This implies that all the structures of EGFR active pockets should reach at the equilibrium state rapidly. From an insight into [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B1,B3,B6, several RMSD curves (4JQ8, 5X2F, and 3W2O) seem to fluctuate a bit obviously. This is probably related to the structure of corresponding inhibitors. However, what is interesting is that the T790M mutation might contribute to the fluctuation of 5X2F when comparing to 5X28, mainly due to the fact that these two protein complexes contain the same inhibitor 7XU. In addition, there are other five pairs of protein complexes containing the same inhibitor ([Table S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02183/suppl_file/ao0c02183_si_001.pdf)): 1XKK and 3BBT; 2ITP and 2ITT; 2ITZ and 3UG2; 3W2R and 3W2S; 5EM7 and 5EM8, successively. Although both of 1XKK and 3BBT are located in the inactive/WT group ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B5), the protein of 3BBT is an ErbB4 kinase that can be explained for much difference in inhibitory activity. Similarly, 2ITP and 2ITT are located in the active/mutant group ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B2), but the former has a G719S point mutation while the latter has a L858R point mutation, implying that the non-T790M mutation might take no effect for curve fluctuation. By comparison of the curves of 2ITZ and 3UG2, the T790M mutation deserves our serious interest owing to the same fact that 3UG2 has the T790M mutation, and its curve fluctuates a bit more than 2ITZ. In two inactive groups ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B5,B6), the RMSD curve of the EGFR protein 3W2R harboring T790M mutation seems to fluctuate a bit more than 3W2S. Therefore, in addition to inhibitors with different scaffolds impacting on dynamic motion of binding sites, T790M mutation is also worthy of more consideration. In addition, as well as the binding site, the RMSD curves of the whole proteins are displayed in [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02183/suppl_file/ao0c02183_si_001.pdf), which demonstrated that all the proteins in the 2.4 ns molecular dynamics simulation could reach equilibrium quickly. To study how to move in coordination with the related inhibitor, correlation analysis between RMSD of the binding site backbone and that of the inhibitor was carried out, as shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}C. The results showed that there is a weak correlation between RMSD of the binding site backbone and that of the corresponding inhibitor as well as that of the binding site side chain. The detailed data is retained in [Table S5](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02183/suppl_file/ao0c02183_si_001.pdf). However, RMSD values of the protein backbone were highly relevant with those of the protein side chain ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02183/suppl_file/ao0c02183_si_001.pdf)). This probably attributed to the structural specificity of binding sites.

The radius of gyration (*R*~g~) can be used for indicating protein stability during simulation. In other words, the *R*~g~ curve of this protein would reach a plateau during simulation when a protein had been folded well. Changes in the structure of a protein can be monitored by *R*~g~ fluctuation. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A reveals that most of EGFR binding sites had very stable structures, whether in active or inactive groups. However, the *R*~g~ curves of 5X2F, 3UG2 ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A3), and 3W2O ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A6) fluctuate a bit more than others. According to the foregoing conjecture, T790M mutation of the EGFR binding site probably led to the variation of *R*~g~ during MD simulation. We also discovered that T790M mutation might shrink the value of *R*~g~ when comparing 5X2F, 3UG2, 3W2R, and 5EM7 to 5X28, 2ITZ, 3W2S, and 5EM8, respectively. As seen in [Table S6](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02183/suppl_file/ao0c02183_si_001.pdf), for example, the mean values of *R*~g~ of 5X2F and 5X28 are 8.06 and 9.43, respectively; the mean values of *R*~g~ of 3W2R and 3W2S are 9.08 and 9.38, respectively. Thus, it seems that T790M is closely related to the change of *R*~g~.

![(A) Radius of gyration (*R*~g~) of the EGFR binding site from 33 EGFR protein complexes: (A1) active/WT group, (A2) active/non-T790M group, (A3) active/T790M group, (A4) active/T790M/L858 group, (A5) inactive/WT group, and (A6) inactive/mutant group; WT, wild type. (B) Correlation analysis: (B1) *R*~g~ of the binding site backbone and that of the side chain, (B2) *R*~g~ of the protein complex and pIC~50~, (B3) *R*~g~ of the binding site backbone and pIC~50~, and (B4) SD of *R*~g~ values of the binding site backbone and pIC~50~; pIC~50~, logarithm of half inhibition concentration; SD, standard deviation; *R*~p~, Pearson coefficient; *R*~s~, Spearman coefficient.](ao0c02183_0003){#fig3}

Unlike RMSD, the correlation of *R*~g~ values between the side chain and backbone is vastly high; the Pearson coefficient of which reaches to 0.83 ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B1). This is probably due to the fact that *R*~g~ describes the shape change of protein, while RMSD describes residue structure stability. As seen from [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B2,B3, the *R*~g~ value can exhibit a weak correlation with inhibitory activity of most inhibitors, no matter the *R*~g~ value of protein or that of only the binding site. It is very confusing that the change in the shape of the binding site might correlate with the activity. However, the standard deviation (SD; [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B4) showed a kind of negative correlation with the activity. Further, the relationship between *R*~g~ and biological activity should need more comprehensive study, which might be beneficial for the development of a new EGFR inhibitor.

In addition, all the conformations of protein complexes derived from each MD study were collected and clustered reasonably. Ten representatives of complex structures for each protein were selected by the Schrodinger Suite 2015.^[@ref15]^ Based on these conformations, MM-GBSA binding energy calculation^[@ref20]^ had been performed, and the obtained results are displayed in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A. Second, the results of correlation analysis in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B,C revealed that neither MM-GBSA or Xscore^[@ref21]^ can correlate better with PIC~50~ (logarithm of half inhibition concentration). It should be noted that the original EGFR complex structures were employed for the docking experiment of Xscore. All the calculated data are retained in [Table S7](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02183/suppl_file/ao0c02183_si_001.pdf). To be honest, there is basically no correlation between these two kinds of predicted values and inhibitory activities. It is well known that Xscore performs best than other scoring functions, whereas for *R*~g~ correlating with PIC~50~, it would be surmised that molecular dynamics techniques probably promote rapid development of novel scoring function.

![(A) Binding energy of these EGFR inhibitors *via* MM-GBSA calculation. MM-GBSA, molecular mechanics-generalized Born surface area. (B) Correlation analysis between interaction energy and pIC~50~. (C) Correlation analysis between the docking score of Xscore and pIC~50~. pIC~50~, logarithm of half inhibition concentration; Xscore, a kind of scoring function; *R*~p~, Pearson coefficient; *R*~s~, Spearman coefficient.](ao0c02183_0004){#fig4}

2.3. RMSF Analysis of Key Residues Derived from EGFR Binding Sites {#sec2.3}
------------------------------------------------------------------

Root mean square fluctuation (RMSF) of the residue can be used for evaluating structural movement and flexibility. It is widely accepted that the binding site is mainly composed of several key residues in the active pocket, and monitoring the behavior of these residues would contribute to the study of protein--ligand interaction. For this purpose, 33 kinds of EGFR protein--ligand contact graphs are exported into [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02183/suppl_file/ao0c02183_si_001.pdf) in proper sequence. As displayed in these graphs, the hydrogen bond (H-bond) and hydrophobic effect principally accounted for the interaction between the EGFR protein and inhibitors. One H-bond interaction between Met793 and the inhibitor seemed very significant. Meanwhile, [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}A reveals a dynamic process of H-bond of Met793 among 33 EGFR complexes during simulation. The detailed data are deposited in [Table S7](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02183/suppl_file/ao0c02183_si_001.pdf). Most of EGFR kinase inhibitors can interact with Met793 *via* a hydrogen bond except 3W20 and 5ZWJ, and maybe it was because that these two proteins adopted an inactive conformation during the MD study and that conformation possessed a larger active pocket.

![(A) Mean values of distance from MET793 to the kinase inhibitor, which generally can form a hydrogen bond (H-bond). (B--E) Root mean square fluctuation (RMSF) of key residues from the EGFR binding site, including the active/WT group, active/mutant group, inactive/WT group, and inactive/mutant group. (F) Mean values of RMSF of seven key residues.](ao0c02183_0005){#fig5}

Based on analysis of these protein--ligand contact graphs ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02183/suppl_file/ao0c02183_si_001.pdf)) , seven key residues composed of LEU718, VAL726, ALA743, THR790 (or MET790 mutation), MET793, ASP800, and LEU844 were selected for RMSF calculation. All the raw data are recorded in [Table S8](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02183/suppl_file/ao0c02183_si_001.pdf), and [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}B--E shows the distribution of RMSF values of key residues in the form of line charts. Additionally, [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}F calculates the mean of RMSF values of key residues. After careful examination, we can obtain certain meaningful results. First, the change of RMSF values of seven residues for each EGFR protein was basically in lockstep. This reflected that these residues can move together as an integral whole. Second, statistically, the most flexible residue was ASP800 with a large RMSF value, and the steady residue was ALA743 with a small RMSF value. This point might be helpful to guide the design of the novel EGFR kinase inhibitor, whether the type I or type II inhibitor.^[@ref19]^ Third, these seven residues can be classified into two groups: hydrophobic residues (718, 726, 743, and 844) and polar residues (790, 793, and 800). As a matter of fact, except residue 800, both residues 793 and 844 exhibited more flexibility than other residues in a series of MD studies, implying that these two residues should be more involved with molecular recognition. Moreover, as to the point mutation indicating a higher degree of flexibility in mutant in comparison to WT,^[@ref22]^ it should be cautiously discussed for specific point mutation.

3. Conclusions {#sec3}
==============

In the present study, 33 protein complexes (32 EGFR proteins plus 1 ErbB4 protein) were curated and studied for dynamic movement of the binding site by means of molecular dynamics simulations. The analysis of RMSD revealed that T790M mutation can make an impact on dynamic motion of binding sites. The RMSD values of EGFR binding sites cannot been associated with inhibitory activity (data not shown). The analysis of *R*~g~ revealed that T790M can shrink the value of *R*~g~, thereby influencing the shape change of the binding site. More interestingly, the *R*~g~ value can exhibit a weak correlation with inhibitory activity of most inhibitors. The relationship between *R*~g~ and biological activity deserve our serious interest regarding the fact that the best scoring function Xscore cannot distinguish highly active EGFR inhibitors. The RMSF analysis of key residues derived from binding sites indicated that the most flexible residue was ASP800 with a large RMSF value against the steady residue ALA743 with a small RMSF value, and two other residues (MET793 and LEU844) were supposed to be involved with molecular recognition. Hence, the two questions mentioned in the [Introduction](#sec1){ref-type="other"} section could be replied as follows: (i) some key residues such as residues 793, 800, and 844 can effectively respond to the inhibitor *via* two fundamental interactions (hydrogen bond and hydrophobic effect), which can be tracked by the MD study; (ii) *R*~g~ values of binding sites can weakly correlate with the inhibitory activities of TKIs. These key residues could be ranked as follows: ASP800, MET793, LEU844, and ALA743 if possible. In short, the obtained results would be beneficial for the development of a novel EGFR kinase inhibitor.

4. Materials and Methods {#sec4}
========================

4.1. The Collection of the Protein--Inhibitor Data Set of the EGFR Kinase Domain {#sec4.1}
--------------------------------------------------------------------------------

There are 100 and 28 items of EGFR protein X-ray crystal structures with high resolution (\<3 Å) derived from *Homo sapiens* deposited in the Protein Data Bank^[@ref12]^ by September 2019 ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). First, 100 and 28 EGFR crystal structures were retrieved and downloaded. Second, 60 EGFR reversible inhibitor complexes were obtained by filtering 68 EGFR structures with nonbiological ligands such as experimental additives, ANP analogs, and peptides. Third, a total of 33 EGFR protein complexes were manually selected based on cluster analysis and binding affinities of the inhibitors of 60 structures.

Two kinds of cluster analyses (hierarchical and k-means^[@ref13]^) applying into EGFR inhibitors of these 60 EGFR protein complexes mentioned above based on a MACCS fingerprint descriptor were performed.^[@ref14]^ The MACCS fingerprints and cluster analysis of inhibitors were computed by the Canvas module of the Schrodinger Suite 2015.^[@ref15]^ In addition, the binding affinities of EGFR inhibitors were carefully curated from the original references of EGFR protein structures.

4.2. Molecular Dynamics (MD) Simulations {#sec4.2}
----------------------------------------

Each EGFR protein was prepared using the Protein Preparation Wizard of the Schrodinger Suite 2015^[@ref15]^ and subsequently imported into molecular dynamics software as the starting structure. For each EGFR crystal complex with several chains, one chain containing an inhibitor had been retained. Each MD simulation was performed using Desmond 4.2 with the standard RESPA integration and a 2 fs time step. The TIP4P water model was employed for the generation of a solvent system and would work well under the OPLS force field. Each simulation system including the prepared protein, one substrate, and several Cl-- added to achieve charge neutrality was immersed in a cubic box (10 Å). First, all the prepared systems were minimized until a gradient threshold (25 kcal/mol/Å) was reached by the steepest-descent (SD) method and then coupled to a Berenson thermostat with a 300 K reference temperature and a Berendsen barostat with a 1.01325 bar reference pressure. The calculation of long-range electrostatics was based on the Particle mesh Ewald method. The cutoff for coulomb interaction was set at 9.0 Å. After equilibration, all the systems began to run in the NPT ensemble for 2.4 ns.

4.3. Simulation Data Analyses {#sec4.3}
-----------------------------

The root mean square deviation (RMSD), root mean square fluctuation (RMSF), and other measures for the distance between residues and inhibitors were calculated based on the analysis of the MD trajectories by the VMD (version 1.9.1)^[@ref16]^ or in-house Perl scripts. Most of the diagrams of curves in this paper were plotted by Xmgrace.^[@ref17]^ The correlation analysis among the values of RMSD, RMSF, and PIC50 was conducted by Origin 9.0.^[@ref18]^
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